The electron field emission of tetrahedral amorphous carbon ͑ta-C͒ films deposited by filtered cathodic vacuum arc is reported. The ta-C films were found to have a threshold field ranging from 18 to 28 V m
I. INTRODUCTION
Currently, there is an increasing interest in electron field emission as a potential flat panel display technology.
1 A way to realize it is to use a geometry called Spindt tips.
2 However, the fabrication of submicron lithographic features on a large panel is not easy. Since tip-to-tip uniformity is a problem, and the variation of emission current from the phosphor is expected. Materials having a low or negative electron affinity as flat electron field emitters may be able to overcome the instability of emission current. Diamond has been investigated for this purpose. 3, 4 Although diamond demonstrates the ability to emit electron easily, the emission current is not high due to less free carriers in diamond caused by its high energy band gap. The primary source of free carriers was believed to come from the graphitic phases.
1 Diamond-like carbon ͑DLC͒ is another attractive candidate for field emission display ͑FED͒ application. [5] [6] [7] DLC can be produced by a variety of techniques. 8 It was reported that the DLC films prepared by filtered cathodic vacuum arc ͑FCVA͒ technique may have an sp 3 content up to 88% and these materials were therefore termed as tetrahedral amorphous carbon ͑ta-C͒. 9, 10 The sp 3 content can be controlled by the carbon ion energy and deposition rate during the deposition. The ta-C is interesting in the FED applications because it can be deposited on various types of substrates, such as metal, silicon, plastic, and glass, over a large area with excellent uniformity at room temperatures. The ta-C films exhibit a band gap of about 2.7 eV, a resistivity of about 10 9 ⍀cm, and a Fermi level of about 0.35 eV below the midgap. 11, 12 These electronic properties were reported to be adjustable by incorporation of nitrogen into the films during deposition. 11, 13 More efficient doping can be achieved by nitrogen ion bombardment during the growth of ta-C films ͑ion beam assisted FCVA͒.
11
The objective of this article is to investigate the effect of carbon ion energy, nitrogen concentration, and surface posttreatment on the field emission properties, i.e., emission current density as a function of applied electric field and emission site density projected from indium tin oxide ͑ITO͒ coated glass. Atomic force microscopy ͑AFM͒, scanning tunneling microscopy ͑STM͒, current imaging tunneling microscopy ͑CITS͒, and ultraviolet photospectroscopy ͑UPS͒ techniques are employed to obtain detailed insight into the surface conditions before and after ion treatment.
14 A possible electron field emission mechanism is proposed to explain the experimental results.
II. EXPERIMENTAL DETAILS
The FCVA technique has been discussed in detail elsewhere. 9 Five series of films were deposited on ͗100͘ p ϩϩ -type silicon wafers with a resistivity of about 0.001 ⍀ cm. Before deposition, all substrates were cleaned by Ar ion bombardment ͑400 eV, 5 mA cm
Ϫ2
, 2 min͒ to remove the oxide layer. The first series is the ta-C films prepared under different C ion energy. The substrates in the deposition chamber were negatively biased from 0 to 480 V, which corresponds to an impinging C ion energy about 20-500 eV. The second series is the nitrogenated ta-C ͑ta-C:N͒ films deposited by a 100 eV C ion beam together with a N ion beam of 100 eV and 3 mA cm
. The N ions were produced by a rf ion beam source ͑Ion Tech, Inc.͒ and the N 2 flow rate was in a͒ Author to whom correspondence should be addressed; electronic mail: pa1870668@ntu.edu.sg the range from 0.5 to 10 sccm. The third series is the ta-C:N films with a varying thickness from 5 to 90 nm deposited at the N 2 flow rate of 10 sccm. The fourth series is the ta-C ͑100 eV C ϩ energy͒ and ta-C:N (N 2 flow rate of 10 sccm͒ films treated with H ϩ , O ϩ , and Ar ϩ ions after deposition. A top layer of 3-4 nm was etched away at an etching rate around 2 nm min
Ϫ1
. The ions used for the film surface posttreatment were also generated by the rf ion source, and the ion energy and current density were fixed at 80 eV and 3 mA cm
Ϫ2
, respectively. The fifth series is the ta-C films posttreated with different H ion energy ranging from 50 to 800 eV, in order to study the effect of H ion energy on the emission properties. The thickness of the ta-C and ta-C:N films is about 40 nm.
The undoped ta-C films exhibit a band gap up to ϳ2.7 eV, 12 and a Fermi level about 0.35 eV below the midgap derived from the thermal activation energy. 11 In this case, the film exhibits defect-controlled p-type semiconducting properties. When N ϩ is incorporated into the film, the Fermi level moves up with the doping level. For the N 2 flow rate of 1 sccm, the Fermi level is at the center of the band gap; thus the film properties become intrinsic. When the N 2 flow rate is 10 sccm, the Fermi level is 0.07 eV below the conduction band edge while the band gap reduces to 1.1 eV due to the C-N alloying effect as seen in a-C:H:N. 15 In this case, the ta-C films become heavily doped n type; thus the term n ϩ -ta-C is used to denote this type of film. Details of the doping experiment will be published elsewhere. 16 A scanning probe microscope ͑Dimension 3000, Digital Instruments͒ was used to conduct the AFM, STM, and CITS measurements. In the CITS method, the scanning tunneling spectroscopic ͑STS͒ current-voltage (I -V) curves acquired at every pixel within the image were used to reveal the spatial localization of spectral features.
14 The ta-C:N films before and after ion treatment were scanned by a Pt-Ir tip. UPS was measured by a VG ESCALAB system fitted with a He light source.
III. RESULTS AND DISCUSSION
The field emission measurement on the ta-C films deposited under different C ion energy shows that the threshold electric field depends on the sp 3 content in the films. The sp 3 content of the ta-C films was determined by electron energy loss spectroscopy ͑EELS͒. 9 The threshold electric field and the sp 3 content of the ta-C films are plotted against the C ion energy, as shown in Fig. 1 . The emission current density of 10 Ϫ8 A mm Ϫ2 is used as a reference from which the threshold electric field is determined. It is observed that the threshold field first decreases from 22 to 18 V m Ϫ1 as the C ion energy increases from 20 to 100 eV and then increases to 28 V m Ϫ1 as the C ion energy further increases to 500 eV. The minimum threshold field is observed from the film with the highest sp 3 content. The overall trend is similar to the results obtained by Satyanarayana et al. 5 These films were also characterized in terms of density of emission sites observed from the ITO coated glass. The distance between the ITO glass anode and the ta-C field emission cathode is about 100 m. An electric field about 20 V m Ϫ1 was applied across the field emission gap cell. A charge coupled device ͑CCD͒ camera was used to capture the emission sites projected from the ITO glass. Figures 2͑a͒ and 2͑b͒ show typical images for the emission sites projected from ITO glass for the ta-C films with different sp 3 content. Figure 2 indicates that the density of emission sites is slightly lower for the ta-C films with a higher sp 3 content. The nitrogen content in the ta-C:N films was measured by the Rutherford backscattering technique. 16 The variation of the nitrogen content as a function of N 2 flow rate is shown in Fig. 3 . The nitrogen content in the ta-C:N films increases from 5 to 34 at % as the N 2 flow rate increases 0.5 to 10 sccm. The threshold field is plotted as a function of N 2 flow rate as shown in Fig. 3 . It is observed that the ta-C film has a threshold field of 17.5 V m Ϫ1 as compared to 19 V m
Ϫ1
for the ta-C:N films deposited under the 0.5 sccm N 2 flow rate. The threshold field decreases to 11.5 V m Ϫ1 as the N 2 flow rate further increases to 10 sccm. A higher density of emission sites for the n ϩ -ta-C films was observed compared to the as-deposited ta-C film ͓Fig. ͑2c͔͒.
The threshold field for the ta-C:N ͑34 at % N͒ films is plotted as a function of film thickness in Fig. 4 . The minimum turning point of the threshold field at the film thickness of around 30 nm shows an optimal window for the electron field emission.
The emission current density versus applied field (I -E) of the ta-C and n ϩ -ta-C films before and after H, O, and Ar ion beam treatment has been measured. The results are shown in Fig. 5 . For the ta-C films, the posttreated ta-C films have a lower threshold field of about 14 V m Ϫ1 compared to about 18 V m Ϫ1 for the as-grown ta-C films. For the n ϩ -ta-C films, the ion beam treated samples have a threshold electric field of 8 V m Ϫ1 vs 12 V m Ϫ1 for the as-grown n ϩ -ta-C films. The saturation emission current density of the posttreated films is also improved by about an order of magnitude in both cases. As shown in Figs. 2͑d͒, 2͑e͒ and 2͑f͒, a higher emission sites density is observed from the posttreated films. It is observed that the improvement on the site density appears to be independent of the type of ions used. This observation is also confirmed by the I -E curves mea- sured on the posttreated films as shown in Fig. 5 . For the ta-C films treated by the H ions with ion energy ranging from 50 to 800 eV, the threshold field as a function of H ion energy is shown in Fig. 6 . The threshold field increases from 14 to 22 V m Ϫ1 as the H ion energy increases from 50 to 800 eV. The emission sites densities for the ta-C films treated with the different H ion energy are quite similar, as shown in Figs. 2͑d͒ and 2͑g͒ .
In order to understand the change of surface structure after the ion bombardment, the AFM, STM, and CITS measurements were performed on these films. The surface images (500ϫ500 nm) measured using the AFM from the n ϩ -ta-C films before and after the ion treatment are shown in Figs. 7͑a͒ and 7͑b͒ , respectively. The sample surface roughness root mean square ͑rms͒ has increased from 0.193 nm before the ion beam treatment to 0.242 nm, with more visible nanoscale clusters after the ion treatment. The increased surface roughness caused by the ion bombardment will change the threshold field since the field amplification factor is enhanced. This observation agrees with the reduction of threshold field from the ta-C films after ion treatment ͑Fig. 5͒. The STM pictures with a scan area of 100 nmϫ100 nm ͓Figs. 8͑a͒ and 8͑b͔͒ and 20ϫ20 nm 2 ͓Figs. 8͑c͒ and 8͑d͔͒ are further used to examine these nanoclusters. It can be seen from these pictures that the surfaces of the films after the ion treatment have segregated into two regions, i.e., the cluster regions and their boundaries ͓Figs. 8͑b͒ and 8͑d͔͒ compared to the as-grown surfaces ͓Figs. 8͑a͒ and 8͑c͔͒. To further examine the spectral features of these nanoclusters, the CITS method was employed. Generally, a higher threshold field was observed from the untreated sample compared to the posttreated sample, as shown in Figs. 9͑a͒ and 9͑b͒ . Figure  9͑b͒ shows that the lower threshold electric field is normally observed from the cluster regions, for example, the I -V curves labeled from A-D in the cluster regions show a lower threshold field for electrons to emit as compared to the I -V curves labeled E-G measured from the boundaries.
UPS was used to analyze both the as-grown and the posttreated n ϩ -ta-C surfaces as shown in Fig. 10 . A significant number of electrons were ejected from the untreated n ϩ -ta-C sample under ultraviolet irradiation at about 4 eV. The band at about 4 eV can be attributed to p-states and the top of p-is at about 2-3 eV. [17] [18] [19] This also indicates that the work function of the untreated n ϩ -ta-C sample is about 4 eV. This UPS spectrum is in good agreement with the results from Bhattacharyya et al., 19 where no significant electrons were ejected when the binding energy was less than 2 eV. However, the Ar ϩ treated n ϩ -ta-C sample shows a significant number of electrons ejected at below 1 eV, which might not be contributed by the p-states. Thus we attributed these bands to a phase more closely related to a 100% sp 3 structure. A work function as low as 0.6 eV was observed from the ion bombarded sample and this observation is in good agreement with the reduction of threshold field from the ta-C films as shown in Fig. 5 .
The experimental observation shows that the lower threshold electric field corresponds to a higher sp 3 content, although the emission sites density in the ta-C films with high sp 3 content is not high. This observation is in agreement with the emission current from diamond in which the number of free carriers is small. 1 The main source of the free carriers is believed to be the graphitic phases. The lower threshold field is observed from the n ϩ -ta-C films ͑onset field of about 12 V m Ϫ1 ) compared to the ta-C films. Lowering the threshold field by nitrogen incorporation into the ta-C films was noticed by other workers. 5, 6, 20 This phenomenon may be explained using a space charge interlayer model, which is based on the band structure diagram. 6, 7 It was found that the band bending is small in the ta-C heterojunction structures compared to the ta-C:N heterojunction structures. The consequence is that the probability for tunneling electrons to enter the conduction band of the ta-C:N FIG. 7. AFM images for ͑a͒ untreated and ͑b͒ H ϩ posttreated n ϩ -ta-C film.
film increases. As shown in Fig. 4 , the threshold field of the ta-C:N films depends on the film thickness. The n ϩ -ta-C has a depletion width of about 30 nm as calculated by Cheah et al., 20 which is the optimal thickness for electron emission. Due to the amorphous nature of the ta-C films, there are a large number of scattered electrons drifting within the materials under a high electric field. As the film thickness is less than the full depletion width, the barrier height is still above the Fermi level of the p-Si substrate and the electrons are not able to gain enough energy to surmount the barrier to the vacuum. As the thickness is greater than the full depletion width, the energy of electrons may significantly be decayed by the electron scattering processes. This will reduce the probability of electron emission from the film surface. Hence, the threshold field increases. A more detailed modeling will be published elsewhere. 21 According to the AFM, STM, CITS, and UPS results, the nanofeatured texture observed on the film surface may not only give rise to enhancement in the electron field emission as shown by Silva et al., 22 but also explain the increase of density of emission sites and decrease of threshold electric field. Therefore, we believe that these nanoclusters are sp 
